The original motivation for this work was to develop coating for metallic MEMS components to improve their performance and reliability. During a review of refractory oxides a report came to our attention that indium tin oxide (ITO), well know as the most widely used transparent conductor, is also piezoresistive. Thus, in principle, coating of ITO either alone or in combination with other thin films might be both protective and electrically functional.
The piezoresistivity of thin films of indium tin oxide prepared by pulsed laser deposition has been measured as a function of processing parameters. The thickness of the films ranged from 200 to 1200 nm. Resistivity and strain sensitivity measurements as a function of laser deposition parameters are reported. Gauge factors, defined as the ratio of the fractional resistance change to the applied strain, were observed to vary from approximately 0.2 for deposition in vacuum to as large as Ϫ14.7 for deposition with a residual atmosphere of 50 mTorr of oxygen. The response of gauges to strains up to the measurement limit of approximately 220 was both linear and free of hysteresis. This fabrication strategy makes possible the direct deposition of sub-mm strain gauges onto surfaces and components, including those of micro electromechanical systems. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1465115͔ Indium tin oxide ͑ITO͒ is known primarily as a transparent conductor and is the most widely used material with this unusual property. 1 ITO is almost always used as a thin film and has been prepared in this form by evaporation, spray pyrolysis, magnetron sputtering, chemical vapor deposition, and pulsed laser deposition. 2 It is an n-type, degenerately doped, wide band gap semiconductor whose plasma frequency is just below the visible range of the spectrum and whose interband absorption edge is just above it. Charge carriers are thought to be provided both by tin atoms in indium sites acting as donors and by free electrons from oxygen vacancies. ITO has also been reported to exhibit a piezoresistive response comparable to p-type, single-crystal Si making it a promising material for microscale, directly deposited strain sensors. 3, 4 Directly deposited thin film strain gauges offer important advantages over conventional gauges, including unobtrusive operation, negligible mass and profile, low current operation, and the potential for production in complex configurations with little added effort. In addition, the full range of processes and techniques of thin film science can be brought to bear for both manufacture and characterization of the resulting devices. Thus, structures can be tailored for specific applications, including, for example, layers for electrical or thermal insulation, while avoiding complex assembly steps involving delicate parts placement and adhesive application.
The responsiveness of a strain sensor is parameterized by a quantity called the gauge factor, g, defined in Eq. ͑1͒ as the fractional resistance change per unit strain. In this equation, R is the initial resistance of the gauge structure and ⌬R is the change in resistance accompanying a strain :
gϵ ⌬R R
. ͑1͒
For semiconductor gauges, it is useful to elaborate upon Eq. ͑1͒ by separating the dependence of R on the geometry of the gauge and resistivity of the material used to make it. The result of this separation is Eq. ͑2͒, where Poisson's ratio quantifies the contribution of geometric deformation to resistance change, and the effect the variation in intrinsic resistivity ⌬/ is expressed explicitly: gϭ1ϩ2ϩ ⌬
. ͑2͒
The extrinsic geometric effects parameterized by dominate in metal foil strain gauges. In semiconductor gauges, geometric effects are minimal and are often ignored. The variability of intrinsic resistivity with mechanical stress in an elastically strained material is called piezoresistivity. 5 The origin of piezoresistivity in crystalline semiconductors such as Ge and Si has been discussed by various authors. 6 However, the structure of ITO is sufficiently different that direct comparisons with earlier theory are problematic.
Gauge factors as large as Ϫ77 have been reported for ITO. 3 By comparison, the gauge factors of semiconductor while those of metal foil gauges are positive and less than about 6. 8 Previous research on ITO's strain sensing properties has involved films deposited by magnetron sputtering. In the work reported here, all films have been produced by pulsed laser deposition, because of the greater control that can be exercised over the film's stoichiometry, 2, 9 and because, in analogy to the situation in glass, 10 the properties of ITO may be more strongly influenced by the mode of formation than those of conventional crystalline semiconductors. 11 Thin films of ITO were prepared by pulsed laser deposition ͑PLD͒ using commercial pressed-powder laser targets of 90% In 2 O 2 and 10% SnO 2 obtained from Kurt J. Lesker, Co. A krypton-fluoride excimer laser ͑Lambda Physik Compex 205͒ producing 248 nm pulses with a fluence of ϳ3 J/cm 2 /pulse was used to ablate the target. The repetition rate of the laser was 10 Hz and the number of laser pulses was selected to produce films with uniform thicknesses ranging from ϳ200 to ϳ1200 nm.
The ITO films were deposited on substrates of Corning glass 2935 with dimensions of 50 mmϫ24 mmϫ0.16 mm. Prior to deposition, each glass slide was cleaned in a series of sonic baths of acetone, methanol, and distilled water, and then blown dry with compressed dry N 2 . The substrates were positioned behind a shadow mask on a rotating, temperature-controlled stage 6 cm above the target. The shadow mask produced a consistently dimensioned structure for measurements approximately 1 mmϫ5 mm, in a conventional four-point probe configuration, as well as uniform pads for electrical contacts. These contacts were made using 25-m-thick gold wires and a conductive epoxy ͑H20E from Epotek Corporation͒ that adheres well to both ITO and gold.
Prior to all depositions the chamber was evacuated to a base pressure of approximately 10 Ϫ6 Torr. Depositions were then performed with varying substrate temperatures from ambient to 200°C and with oxygen partial pressures from base pressure to 50 mTorr. The oxygen partial pressure was controlled with a mass flow controller and throttle valve using 99.999% pure oxygen. A Dektak II stylus profilometer was used to measure film thickness.
The gauge factor was measured using a four-pointbending apparatus excited by a precision constant current source ͑HP-E3631A͒. The apparatus was calibrated with a commercial metal foil strain gauge. In order to maximize the electrical signal to noise ratio, the apparatus was fully shielded within a Faraday cage. Four-point electrical resistance measurements were made using a Keithley 236 constant current source for excitation and a Keithley 2001 7 1/2 digit multimeter for the voltage measurement.
The oxygen partial pressure during laser deposition has been shown previously to be a crucial parameter determining the resistivity of ITO films. 2, 9 Oxygen vacancies contribute charge carriers and as a result, varying the oxygen stoichiometry through O 2 background pressure during deposition is in effect a means for controlling carrier density. Consequently, the effect of the pressure of O 2 on the strain sensitivity of the resistivity is of significant interest. Figure 1 shows curves of the resistivity and gauge factor of ITO as a function of O 2 ambient pressure during deposition. Resistivity is given in units of ⍀ cm and is plotted on the right axis. The gauge factor, a pure number, is plotted on the left axis. The most significant conclusion to be drawn from Fig. 1 is that the condition for lowest resistivity of the deposited film differs significantly from the condition for optimum piezoresistivity.
For the lowest deposition pressures around 10 Ϫ6 Torr, samples exhibited an essentially metallic behavior with the gauge factor being small and positive. Under conditions for optimum resistivity, around 9 mTorr where the resistivity is ϳ10 Ϫ4 ⍀ cm, the gauge factor of the material was only about Ϫ0.52. At the highest pressure achievable in our system, 50 mTorr, the resistivity was 3.4 ⍀ cm, while the average gauge factor of similarly prepared samples was Ϫ11 Ϯ3. The ͑signed͒ value of the gauge factor decreased monotonically with increasing background pressure of oxygen in the range observed. The estimated error in the measured gauge factor is less than 20% when the absolute value of the gauge factor is less than unity, approximately 10% for gauge factors between 1 and 4, and 5% for those between 4 and 12. Figure 2 shows the change in resistance as a function of applied strain for a typical gauge structure prepared with an oxygen partial pressure of 50 mTorr. The example shown has a gauge factor of Ϫ11.2. The measurement errors for each point in Fig. 3 are less than 2% and are therefore not shown explicitly. This graph contains points measured during both increasing and decreasing strain conditions and thus demonstrates an absence of hysteresis that was typical of the films measured in this work.
The thickness of films prepared by PLD has been reported to affect the crystallinity and grain size, with thicker samples reported to be more crystalline and to have larger grain size. 2 Since these parameters may have a significant impact on the piezoresistivity of ITO, the gauge factors of nine samples with thickness ranging from 260 to 1200 nm were measured. Samples were made at room temperature and at an oxygen partial pressure, 50 mTorr. Figure 3 shows the gauge factor for these samples as a function of sample thickness. There is no apparent correlation between gauge factor and the sample thickness for the range of thicknesses studied. The large scatter in these data is attributed, at least in part, to the difficulty in controlling the system pressure to high accuracy in a region in which the gauge factor is a sensitive function of pressure ͑see Fig. 1͒ . We conclude that for the range of thicknesses reported here the gauge factor is not a strong function of film thickness.
Temperature stability is an essential characteristic if ITO is to be used in high temperature strain gauges. Previous work has shown significant changes in the gauge factor for ITO thin films prepared by rf sputtering when annealed in nitrogen. 3 In our work, samples were annealed at 450°C in 99.999% nitrogen for 1 h with no significant effect on the gauge factor observed to result from this treatment. This difference relative to the results of Dyer et al. 3 may be due to differences in the mode of formation between laser and sputter deposited films. The properties of ITO are known to depend strongly on the mode of formation. 11 We conclude from this result that the PLD process produces very stable films that are not significantly changed by annealing under the conditions reported here.
In conclusion, laser deposited indium tin oxide films have been observed to exhibit a stable, hysteresis-free piezoresistive response with gauge factors as large as approximately Ϫ15. Gauge factors were largest in absolute value when the films were deposited at room temperature in the highest achievable background pressure of O 2 , although these films exhibited moderately large sample-to-sample variability, suggesting that an important processing parameter may be as yet unidentified. Annealing in a nitrogen atmosphere produced no significant change in piezoresistive response. The observed properties of this material make it a strong candidate for direct deposition of strain sensors on microsystem components and other surfaces where semiconductor silicon gauges are impractical. 
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Introduction
Goldfarb and Celanovic have described a flexure-based gripper for micromanipulation [1] . For a tool such as this, designed to handle objects in the size range from 5 to 100 mm, monitoring the gripping force is a necessity. A technology that adds sensing capabilities to micro-scale systems will have to surpass the limitations of conventional strain gages. One possibility uses direct deposition of a sensing material and has the advantage of avoiding adhesives and manual manipulation. Subsequent micro-machining of gage structures has the advantage of tailoring a sensor for a specific application. The addition of tactile feedback by the integration of micro-sensors is crucial to realizing the full potential of microsystem components.
A functional sensor suitable for placement on metallic components must include an electrical insulation layer, a sensing layer, metallic interconnects, and a protective encapsulating layer. Thin film technology is the most promising means by which the necessary layers can be added to microsystem components. This paper addresses the electrical strain response of directly deposited thin film sensing layers, the effects of encapsulation layers, and the effects resulting from ion irradiation.
Directly deposited thin film strain gages offer important advantages over conventional gages, including unobtrusive operation, negligible mass and profile, low current operation, and the potential for production in complex configurations with little added effort. In addition, the full range of processes and techniques of thin film science can be brought to bear for both manufacture and characterization of the resulting devices. Thus, structures can be tailored for specific applications, including, for example, layers of electrical or thermal insulation, while avoiding complex assembly steps involving delicate parts placement and adhesive application.
While direct deposition of metallic strain gages is possible, semiconductor materials have greater strain sensitivities while also being easily deposited in thin films. Although silicon is the most commonly used semiconductor material for strain sensing applications, processing issues make it undesirable for deposited gage applications. An alternative semiconductor material, indium-tin-oxide (ITO), has been reported to exhibit large strain sensitivities [2, 3] while also being readily prepared as a thin film by several processing techniques [4] .
In this paper, we describe a novel two-step approach, combining pulsed laser deposition of ITO thin films and subsequent focused ion beam machining, to develop microscale sensors for micro-systems applications.
Background
The responsiveness of a strain-sensor is parameterized by a quantity called the gage factor, g, defined in Eq. (1) as the fractional resistance change per unit strain. In this equation, R is the initial resistance of the gage structure and DR is the change in resistance accompanying a strain e.
For semiconductor gages, it is useful to elaborate upon Eq. (1) by separating the dependence of R on the geometry of the gage and the intrinsic resistivity r of the material used to make it. The result of this separation is Eq. (2), where Poisson's ratio n quantifies the contribution of geometric deformation to resistance change, and the effect the variation in intrinsic resistivity Dr/r is expressed explicitly.
The extrinsic geometric effects parameterized by n dominate in metal foil strain gages, and since most metals have n equal to 0.2-0.5, the gage factors for most metals are between 1.4 and 2. In semiconductor gages, geometric effects are minimal and often ignored. The variability of intrinsic resistivity with mechanical stress in an elastically strained material is called piezoresistivity [5] . Indium-tin-oxide (ITO) is known primarily as a transparent conductor and is the most widely used material with this unusual property [6] . ITO is almost always used commercially as a thin film and has been prepared in this form by evaporation, spray pyrolysis, magnetron sputtering, chemical vapor deposition, and pulsed laser deposition [4] . It is an n-type, degenerately doped, wide band gap semiconductor whose plasma frequency is just below the visible range of the spectrum and whose inter-band absorption edge is just above it. Charge carriers are thought to be provided by tin atoms in indium sites acting as donors and also by free electrons from oxygen vacancies.
ITO is used as a transparent electrode in such devices as organic light-emitting diodes [7] , touch screen displays [8] , flat panel displays [9] , and lamps [4] . While ITO has been extensively studied to optimize electrical conductivity and transparency [10] [11] [12] , it has only recently been reported to exhibit strain sensitivities characterized by gage factors reported in the range from À2 to À77 [2, 3] . By comparison, the strain sensitivities of semiconductor silicon strain gages are typically in the range 5 to 175 [13] , while those of metal foil sensors are positive and typically in the range from about 2 up to approximately 6 [14] . The origin of piezoresistivity in crystalline semiconductors such as Ge and Si has been discussed by various authors [15] . However, in ITO the mechanism is unknown. Recently ITO has also been demonstrated to function as a sensor at high temperatures [16] . In [16] , Gregory and Luo report the behavior of ITO strain gages prepared by magnetron sputtering and used together with temperature compensating platinum resistors to achieve a near zero temperature coefficient of resistance (TCR) over the range 25-1200 8C and operation up to 1450 8C.
Pulsed laser deposition (PLD) of ITO has several advantages over other thin film deposition techniques including the ability to control film stoichiometry through a combination of laser target stoichiometry and background pressure, and the ability to grow films at room temperature [4, 10] . In addition, ITO is relatively impervious to deleterious effects of exposure to an oxygen environment, even at elevated temperatures. ITO solid solutions are stable in pure oxygen up to 1500 8C and do not undergo any disadvantageous phase transformations up to their decomposition temperature [16] . In this publication we confine the discussion to gage structures made by pulsed laser deposition and focus on issues related to making and characterizing gages as small as 20 mm Â 100 mm.
Experiment details
ITO thin films were deposited by pulsed laser ablation. The laser target consisted of a pressed powder alloy of indium oxide (90% In 2 O 3 ) and tin oxide (10% SnO 2 ), having a diameter of 7.6 cm at a distance of 4 cm from the substrate. A schematic of the apparatus is shown in Fig. 1 . A kryptonfluoride excimer laser (Lambda Physik Compex 205) producing 248 nm pulses at 10 Hz with a 25 ns pulse duration and energy of 380 mJ/pulse yielded a fluence of $0.13 J/ (cm 2 pulse). Prior to all depositions the chamber was evacuated to a pressure of approximately 6 Â 10 À6 Torr and the target was cleaned with 5000 laser pulses.
Depositions for large-scale devices were performed at oxygen partial pressures ranging from 28 to 50 mTorr using 99.999% oxygen delivered by a mass flow controller. Smallscale devices were deposited at 50 mTorr, the highest achievable level in our system. The number of laser pulses was adjusted to produce film thicknesses in the range 100-300 nm.
Substrates were Corning glass 2935 with dimensions of 50 mm Â 24 mm Â 0:16 mm. Prior to deposition, substrates were cleaned in a series of sonic baths of acetone and methanol, rinsed in distilled water, and finally blown dry with compressed dry N 2 . Film thicknesses were measured with a stylus profilometer (Dektak II).
The substrate containing the active gage element was strained in a four-point-bending configuration from 0 to 200 micro-strains (Fig. 2) . This strain range is lower than that of some commercial gauges, but encompasses the full range anticipated to be important for the microsystems applications that originally motivated this work. A voice coil, powered by a digitally controlled constant current source (HP-E3631A) induced strain in the substrate. The strain may be calculated from simple geometry,
, where t is the half-thickness of the substrate, d the deflection and 2d is the inner pin spacing. The apparatus was calibrated using a commercial metal foil gage mounted conventionally with adhesives.
The gage patterns were designed for experimental determination of strain sensitivity by means of a four-wire resistance measurement (Fig. 3 ). They were formed using a 0.13 mm thick stainless steel shadow mask, shown in Fig. 4 . Corresponding masks defined the locations for chromium metallization of the contact pads. Gage structures were designed to have an active area of 790 mm Â 4:8 mm for largescale devices and 250 mm Â 1:5 mm for small-scale devices. Large-scale devices had 2:38 mm Â 2:78 mm contact pads while small-scale devices had 760 mm Â 890 mm contact pads. Electrical contact was made using 25.4 mm thick gold wire and H20E conductive epoxy from Epotek, Inc.
The 50-70 nm chromium adhesion layer deposited by thermal evaporation was used to improve electrical stability and contact resistance. The entire fixture was placed in a Faraday cage during I-V characterization, which was performed using a Keithley 2001 7 1/2 digit multimeter for voltage measurement and a Keithley 236 constant current source.
The smallest gage structures were machined from larger ones using a model 200 ÂP focused ion beam from FEI, Co. Initially, gages were cut to 100 mm Â 780 mm, and then scaled down to 100 mm Â 400 mm, and finally 20 mm Â 100 mm. Imaging and cutting operations with the focused ion beam (FIB) used 30 keV Ga þ ions at selectable current increments from 1 pA to 11.5 nA. Beam time and current were controlled during experiments to determine the radiation effects of imaging the ITO with the FIB. With the exception of focusing, imaging the ITO films in the FIB was typically done using a single raster scan of the area of interest at a beam current of 11, 70 or 150 pA. Cutting operations used currents of either 11.5 nA or 150 pA. Sections of ITO were electrically isolated by making open box cuts that overlapped the edges of the film. This method reduced etching time significantly as large areas of the active material did not have to be removed by sputtering, but were simply isolated from the Fig. 2 . Four-point bending apparatus used to induce a constant strain field in glass substrates between the inner pins. The device is actuated by a voice coil, which is driven by a precision digital power supply. circuit electrically. Subsequent I-V characterization and gage factor measurements were performed as outlined above.
Prior to FIB machining, an SiO 2 encapsulation layer was deposited by PLD onto several ITO gages. The SiO 2 layer was deposited using an SiO target and a background pressure of 40 mTorr of oxygen. This layer was deposited with a targetto-substrate distance of 6.5 cm, a height that required 1500 laser pulses to produce an SiO 2 film $100 nm thick, or about 4 times the mean range of 30 keV Ga þ ions in SiO 2 , a value estimated to be 26 nm with range straggling of 6 nm. (Similarly, the range and straggling of 30 keV Ga þ in ITO are about 13 AE 6 nm.) The thickness of the SiO 2 layer was verified by ellipsometry using a Si substrate. After the ITO was encapsulated, the resistance and gage factor were re-measured.
Results and discussion
Typically, the active gaging area for the films had a resistance of several thousand ohms. Large-scale gages had a range of resistance between 160 O and 600 kO, while small-scale gages had an average resistance of 55 kO. Commercial semiconductor strain gages typically have resistances of approximately 1 kO, while metal foil gages are either 120 or 350 O. Thus, ITO gages are potentially very attractive for low current, low power applications. Fig. 5 shows gage factors and resistivities as a function of oxygen pressure during deposition for the large-scale devices, which were used in a series of experiments designed to optimize the strain sensitivity. Large-scale gages had a thickness ranging from 100 to 246 nm with an average standard deviation of 30 nm for three independent films deposited at a given pressure. Though not shown graphically, the thickness of these films did not show any apparent correlation with oxygen pressure. All gage factors were negative, though absolute values are plotted for convenience of representation. Each data point in the figure represents an average for three films made at the given pressure, with the error bars indicating one standard deviation.
The increase in resistivity with increasing oxygen pressure is consistent with previously published data and has been shown to be a critical parameter in determining the resistivity of ITO films [3, 4, 10] . Oxygen vacancies contribute charge carriers and as a result, varying the oxygen stoichiometry through oxygen background pressure during deposition is in effect a means for controlling carrier density. Fewer oxygen vacancies lead to fewer carriers and consequently higher resistivity, as shown by the data of Kim et al. [4] . Thus, the effect of the oxygen pressure on the strain sensitivity is of significant interest, although the precise mechanism for piezoresistivity has not been identified. In semiconductor Si gages and other materials with degenerate hole bands, strain breaks the degeneracy and leads to changes in the proportion of heavy and light holes as well as in the effective masses themselves. This is the reason that Si strain gages are consistently made of p-type material [15] .
A dependence of gage factor on oxygen pressure during deposition similar to that of the resistivity was observed and is also shown in Fig. 5 . It is important to emphasize that the well established oxygen pressure during deposition, which leads to maximum conductivity in ITO, approximately 10 mTorr, does not similarly maximize gage factor. In fact, for oxygen pressure values that maximize conductivity, the amplitude of the gage factor is at a minimum, with an average value of À0.2. When the oxygen pressure is increased to it's maximum attainable level in our system, both the resistivity and the gage factor are maximized, with the gage factor having an average value of À7.2. Clearly, the oxygen pressure maintained during ITO deposition is a means of controlling both the conductivity and the strain sensitivity, although not independently.
The only other data available with which to compare the behavior of gage factor with oxygen partial pressure during deposition are those of Dyer et al. [2] . They found a gage factor ranging between À11.4 and À6.5 for oxygen partial pressures in the range 1.2-4 mTorr. However, their data did not show a trend with pressure. In fact, it would be misleading to directly compare our data with theirs, because the residual atmosphere in their sputter system also contained Ar gas ranging from approximately 50-85%. The presence of Ar, which is used to improve sputtering yield, also substantially alters the energy distribution of the sputtered particles, which typically peaks at an energy of a few electronvolts. This, in turn, can have a decisive effect on the properties of a deposited thin film. In our system, the residual gas was composed entirely of oxygen. This gas both modified the velocity of the laser ablated material and reacted with it at the surface. Additional experiments are needed to separate the effects of these distinctly different physical processes.
As mentioned above, the sensitivity of the electrical properties of ITO to oxygen background pressure during deposition is well documented. However, the laser fluence was also found to have a significant effect on the electrical properties of the ITO films. In Fig. 6 the resistivity and gage factor of ITO films are plotted versus oxygen pressure for two different laser fluence levels. A clear shift can be seen in the curves for both resistivity and gage factor between data published previously (open circles) [3] , and new data presented for the first time in this paper (open squares). The laser fluence previously was 0.18 J/cm 2 , while for the current data it was 0.13 J/cm 2 . All small-scale gages were deposited exclusively in 50 mTorr of oxygen background pressure, and had an average gage factor of À4:0 AE 0:8. The average thickness of nine films deposited with identical parameters was 172 AE 20 nm. Fig. 7 shows a typical data set for a small-scale gage, in which the fractional change in resistance is shown as a function of applied strain. The sample shown has a resistance of 91 kO and a gage factor of À4.8, as indicated by the slope of the curve. Error bars are not shown explicitly in the figure because the instrumental error for each point is less than 1%. The graph contains points measured during both increasing strain (circles) and decreasing strain (squares) for two distinct measurements and indicates a linear piezoresistive response as well as an absence of hysteresis that was typical of the films measured in this work.
Also shown in Fig. 7 is the piezoresistive response of the same sample after FIB machining to a size of 100 mm Â 780 mm. The gage factor of the newly trimmed gage is smaller in magnitude than before, having a value of À2.9. However, the response is still linear and without hysteresis, as the data once again represent both increasing and decreasing strain cycles. The decrease in gage factor indicates collateral radiation damage during ion milling. The amount of FIB imaging of the full surface of this sample was minimal. However, the cuts were made using the largest available beam current, 11.5 nA, which also produces the largest and least well defined beam spot. What is more telling is that the resistance of this newly trimmed gage decreased by 86% to 13 kO. When altering the physical dimensions of a resistor, one expects a change in the resistance, but a decrease in resistance is unexpected, since the FIB cuts decreased the cross-sectional area. Evidently, electrical leakage paths were established either by imaging the gage area or by the beam halo in the regions adjacent to the FIB cuts.
In order to establish the location of the radiation damage affecting electrical properties, experiments were carried out with the goal of differentiating damage from imaging and that which resulted as a side effect of trimming the gage to net shape. An encapsulation layer of sufficient thickness should, in principle, protect a gage from surface damage, as well as minimize the effects of humidity and other environmental hazards. The SiO 2 encapsulation layer was deposited onto the ITO layer by laser ablation of an SiO target in an oxygen ambient and experimentally verified to have no measurable effect on the electrical properties of the ITO. Both the resistance and the gage factor of several films remained the same as determined by I-V measurements. Table 1 summarizes a series of experiments to determine the effects of the radiation damage from FIB imaging on the electrical properties of ITO gages. Three samples were imaged with the FIB, two un-encapsulated samples at current and total dose levels differing by more than an order of magnitude, and the third, an encapsulated sample, subjected to the more intense exposure. The first sample was imaged several times using single scans at various scan rates and with a beam current of 11 pA. The total integrated current deposited on this sample, 329 pC in an area of approximately 1.3 mm 2 , did not produce any observable changes in the electrical properties of the ITO gage. The second sample was also imaged many times using single scans and different scan rates, but at a higher beam current of 150 pA. The total integrated beam current for this sample was approximately 13 nC in 1.3 mm 2 , and it produced a change in the resistance from 280 to 30 kO, and a reduction in the magnitude of the gage factor from 3.4 to 2.4. The third sample was encapsulated with 100 nm of SiO 2 and was imaged exactly as the second sample. The observed change, less than 3% in resistance and gage factor, proved that the SiO 2 effectively protects the ITO from the radiation damage accompanying imaging, at least for total fluences needed to set up, conduct, and verify ion machining operations.
Experiments were also performed to determine the effect that FIB milling has on the electrical properties of ITO gages. First, a cut was made in a sample parallel to the direction of current flow and in the center of the active gage element. The cut was made using the largest available beam current, 11.5 nA. The 5 mm width of this cut was insignificant compared with the 300 mm width of the full current path, and should not, therefore, have significantly affected the total resistance of the gage. Nevertheless, the operation resulted in a 17% decrease in the gage resistance. To confirm the FIB's ability to cut through the ITO and effectively isolate parts of the current path, a second cut was made perpendicular to the direction of current flow and across the entire width of the gage. The result was as expected, a completely open circuit, effectively isolating the two halves of the gage. Table 2 summarizes the results from three samples that were trimmed to different sizes using different beam currents. As the table indicates, directly machining un-encapsulated ITO reduced both the resistance and the absolute gage factors, even at a beam current of only 150 pA, where the size of the beam halo was substantially reduced. The situation with the encapsulated gage was more complex.
The encapsulated sample included 100 nm of SiO 2 , a layer sufficiently robust to protect the sensing layer from damage caused by imaging. This sample was trimmed to a size of 100 mm Â 20 mm using a beam current of 150 pA. Prior to trimming, it had a resistance of 36 kO. After trimming to a smaller cross-sectional area, the resistance rose to 48 kO, a value that nevertheless fell short of the expectation based on geometrical considerations. However, the magnitude of the gage factor of this sample still decreased from a pre-irradiation value of À4.4 to a postirradiation value of À3.6, indicating that despite the presence of the encapsulation layer, measurable radiation damage still occurred.
Collateral radiation damage near FIB cuts even at minimal beam currents and with encapsulated films is still sufficient to produce significant electrical effects. A FIB micrograph of this gage structure is shown in Fig. 8 . Electrical isolation of the ITO above and below the narrow central active strip is seen to be total. These regions are dark as a result of a build-up of positive charge from the Ga þ ion beam. This positive charge produces a voltage that suppresses secondary electrons, and results in the ITO in these regions appearing dark in the image. This is significant because it visually demonstrates that by selective narrow cuts the FIB has successfully trimmed the gage to size, effectively removing two large regions of ITO electrically without removing them physically.
To explore this effect quantitatively, a resistor model, shown in Fig. 9 , was developed to estimate the resistance of the radiation damaged regions at the edges of the active area of the gage. This model, based on the results presented above, assumes that any change in the film's electrical properties results from trimming and not from imaging. Since the beam diameter is much less than a mm, one can assume that only a narrow region of ITO experiences a change in resistance as a result of alteration by the ion beam. Nevertheless, these current paths modeled as resistors R L in Fig. 9 are effectively in parallel with the gage R G , as shown schematically in the figure.
If one conceptually divides the original 1000 mm gage length into 10 segments of equal length, and assumes each segment is identical, then initially each segment has a resistance R i of 3.6 kO. Since the resistance of the entire gage after trimming was 48 kO, the resistance of the trimmed segment with final width of 20 mm and length of 100 mm must be 15.6 kO. With plausible assumptions about the film thickness profile, one can estimate the change in cross-sectional area resulting from the FIB cuts, and from this infer the resistance of the trimmed element, assuming no radiation damage. Using the three-resistors model in Fig. 9 one can then estimate the resistance of the areas damaged by the ion beam. Assuming a circular profile for the thickness of the original ITO gage, the resistance of the trimmed segment is estimated to increase from 3.6 to 45 kO. This implies that the parallel resistors R L modeling the leakage paths along the edges must have resistances of 46 kO each in order to achieve the observed resistance of 15.6 kO. If the thickness profile is instead assumed to be a rectangle bracketed by triangles, the resistance of the trimmed segment is estimated to increase to 24 kO, implying that resistors R L must have resistances of 86 kO. Thus, we see that FIB machining produces leakage paths with resistance equivalent to 50-90 kO, with the exact value being dependent upon the thickness profile of the trimmed segment.
By applying similar reasoning, one can infer the gage factor of the trimmed element that would result in an overall change in the gage factor from À4.4 to À3.6. Once again, one has to assume that each of the 10 hypothetical series segments has the same response to strain, and that only the trimmed segment is affected by the FIB. To carry out the analysis, one must account for the fact that when strained each uncut segment will undergo identical resistance changes DR i , while the machined segment will experience a unique resistance change DR G . By substituting (9DR i þ DR G ) for DR in Eq. (1) and using the measured gage factor and resistance of the gage after the cut, DR G can be determined as a function of strain. Since the resistance of the trimmed segment is known to be 15.6 kO, the gage factor of the 20 mm Â 100 mm gage is estimated to be À2.0. Thus, as in other cases, radiation damage by the FIB decreases the gage factor of the ITO. However, it is important to note that the trimmed segment still has a gage factor comparable to that of metal foil gages.
Conclusion
Piezoresistive strain-sensors have been fabricated by combining pulsed laser deposition through masks onto room temperature substrates with focused ion beam machining to net shape. The active material, indium-tin-oxide, was fashioned reproducibly into sensors with high impedance, large gage factors, minimal hysteresis, and excellent linearity up to the 200 micro-strain limit of these measurements. For material deposited in a residual atmosphere of 28-50 mTorr of oxygen, both resistivity and gage factor were found to increase in magnitude with increasing oxygen partial pressure. In addition, it was observed that laser fluence is a critical parameter in determining the piezoresistive properties of the films. However, the details of the mechanism for piezoresistivity in ITO have not been established.
The effect of radiation damage by the focused ion beam on the resistivity and gage factor of ITO was investigated. The generation of ion-induced secondary electron images resulted in minimal damage if done at low beam currents (11 pA) while larger beam currents (150 pA-11.5 nA) produced extensive collateral radiation damage when used for imaging or trimming a structure to net shape. Encapsulation of strain gages with a 100 nm SiO 2 layer produced no changes in the resistivities and gage factors, protected the ITO from ion beam damage during FIB imaging, and significantly reduced the radiation damage caused by trimming the gages to net shape.
